Growth patterns that lead to sexual dimorphism in adults are not well quantified. We measured 49 skeletal dimensions in male and female Chinchilla lanigera from radiographs of growing individuals taken during 320 days. Measurements for each individual were fit with a nonlinear Gompertz equation to quantify growth patterns. Differences in Gompertz parameters between sexes were compared with a t-test. Most significant differences between sexes in growth and final size were in the pelvic girdle (which formed the birth canal) and viscerocranium. Sexual dimorphism in the viscerocranium may support the hypothesis that differences in use of ecological niche often causes sexual dimorphism where females are larger than males.
Sexual dimorphism, usually defined as differences in size, shape, or traits between males and females, is common among mammals. In most studies examining sexual size dimorphism among mammals, males are larger than females. This generalization tends to hold in Rodentia, where most species are relatively small, and sexual dimorphism, if it exists, tends to be male-dominant (males larger than females- Ralls 1977) . However, the hystricomorph rodent Chinchilla lanigera (chinchilla) is sexually dimorphic such that adult females are more massive than males (Nowak 1999; Roos and Shackelford 1955) and have longer bodies (Ralls 1976) . Although female-dominant sexual dimorphism is not as common as male-dominant sexual dimorphism, 30 of 122 extant mammalian families compiled by Ralls (1976) exhibited this size dimorphism. However, it is not clear if sexual dimorphism in the chinchilla is a simple size difference, or if shape differences also exist. Furthermore, processes * Correspondent: lammers@exchange.oucom.ohiou.edu by which sexual dimorphism develops during ontogeny in C. lanigera have not been studied.
Heterochrony analysis examines differences in growth rates and timing of developmental events and can be used to compare growth between sexes (Reilly et al. 1997; Stewart and German 1999 ) and changes in organisms over evolutionary time (Alberch et al. 1979; Gould 1977; Klingenberg 1998) . Longitudinal morphologic measurements taken throughout ontogeny of the chinchilla can reveal the patterns of growth that result in adult sexual dimorphism. Although female C. lanigera are typically larger than males (Nowak 1999; Ralls 1976) , heterochronic patterns may differ among regions of the body. Characterizing morphologic and heterochronic differences between sexes is important for research into behavioral differences and evolutionary changes (Cooper and Vitt 1989) . For example, different growth mechanisms may indicate multiple selective pressures acting on different parts of the organism. If the same growth mechanisms exist among parts, a single selective pressure may cause sexual dimorphism. It also is possible that either set of growth patterns could simply indicate Ն1 developmental constraints; this possibility could be evaluated through comparative studies (Harvey and Pagel 1991) .
To assess heterochronic differences in size and shape between sexes, we obtained morphologic data throughout ontogeny from several regions of the chinchilla skeleton, including the skull, which included the viscerocranium, neurocranium, and audiocranium; and the appendicular skeleton, which included forelimbs, hindlimbs, and the pelvic girdle. Function and phylogenetic inertia largely dictate shape and size of each of these regions. Although the skull is a highly integrated unit (Zelditch et al. 1992 ), the viscerocranium (for feeding and breathing), neurocranium (which contains the brain), and audiocranium (which contains the greatly expanded auditory bullae) are subject to different functional demands. The 3 regions of the appendicular skeleton also are subject to very different functional demands. The hindlimbs, which are extended simultaneously in a powerful motion to propel the animal forward, are certainly under different constraints and selective pressures than the forelimbs, which are used for manipulating food and landing from halfbounding leaps (Biewener 1983) . Finally, females must be able to pass young through the birth canal in the pelvic girdle, but males are obviously not so constrained.
MATERIALS AND METHODS
Chinchilla lanigera is native to the rocky terrain of the Andes Mountains in South America (Nowak 1999) . Young are precocial and can be handled easily within 1 h after birth. We obtained all C. lanigera mothers and litters Յ3 days of birth from the National Institute of Occupational Safety and Health (Cincinnati, Ohio). Animals were housed in hanging cages (approximately 50 by 50 cm, 40 cm height) modified with Plexiglas floors and doors. We provided bedding to absorb urine and feces and provided Mazuri Chinchilla Diet 5M01 (PMI Feeds, Inc., St. Louis, Missouri) and water ad libitum. Eleven litters containing 11 males and 11 females were included (n ϭ 22). Juveniles were weaned at 56 days, and we attempted to house same-sex siblings together. About one-half of our sample was housed in pairs and the other one-half was housed singly.
Data collection and analysis.-All data were longitudinal with all animals measured repeatedly throughout their ontogeny. We obtained skeletal data from radiographs. To ensure that animals could be easily and consistently positioned, we anesthetized them with approximately 2-4% Aerrane isofluorane gas mixed with oxygen (1.0 l/min) administered with an Ohio 4000 compact anesthesia machine (Anaquest, Liberty Corner, New Jersey). We then radiographed animals in dorsal-ventral and lateral-sagittal planes, using a setting of 40 kV, 75 amperes, and ¼ s. We radiographed animals 2 or 3 times a week for the first 90 days when growth was the fastest, and we then gradually reduced frequency of radiography sessions to once a month. All animals were radiographed and measured through Ն320 days. During radiography sessions, we weighed each animal to the nearest 1.0 g, and body length (snout to distalmost tip of the tail, not including fur) was measured to the nearest 1.0 mm.
We measured growth of the skull and appendicular skeleton in both sexes. Although we did not directly measure the vertebrae, we did measure total body length, which included the tail, head, and trunk. Thus, we were confident that our methodology uncovered sexual dimorphism in the skeleton. We digitized 25 cranial measurements and 24 appendicular measurements from the radiographs (Fig. 1-Popesko et al. 1992 ) using a Numonics Accugrid Digitizing Tablet (accuracy 0.127 mm; Numonics Corporation, Montgomeryville, Pennsylvania) and custom software by D. W. Hertweck (pers. comm.). Skeletal measurements are listed in Appendix I. Measurements were plotted against age (in days), and nonlinear Gompertz growth models were fit to the data using the NONLIN module of Systat 7.0 (Wilkinson 1997) . We used the Gompertz equation (equation 1) because it fit the data (Maunz and German 1996) and parameters could be interpreted as biologically relevant measurements: (1) where y represented the measurement; t represented time or age (in days); A was the asymptote of y, which we used as an estimate of the final size of the measurement; b influenced the early steepness of the curve, which could be interpreted as an estimate of the onset of rapid growth (a high b was indicative of a later onset of rapid growth); and k was the exponential rate of decay, which we used as an estimate of the rate of deceleration of growth during late ontogeny. We then obtained additional relevant parameters from derivations of the Gompertz equation, including w, I, R max , and T f , where w was the y-intercept, which we used to estimate the initial size of the measurement at the time of birth (w ϭ Ae Ϫb ); I was the slope at t ϭ 0, which we used as an estimate of the instantaneous rate of growth at birth (I ϭ bk); R max was obtained from the 2nd derivative of the Gompertz equation and represented the maximum (fastest) rate of growth (R max ϭ Ak/e); and T f represented the time at which growth slowed to 5% of its maximum rate. T f was obtained from:
We used equation 2 as an estimate of the time at which growth of y was complete (R. Z. German et al., in litt.). All Gompertz parameters and derived parameters were compared for each measurement between sexes using a 2-sample t-test. Because we made a large number of comparisons (51 measurements, 7 Gompertz parameters or deriva-tives, for a total of 357 comparisons between sexes), we used a sequential Bonferroni technique (Rice 1989) with a 95% confidence level to determine statistical significance. P-values below 0.05, but not significant as measured by the sequential Bonferroni technique, were considered marginally significant (Zar 1984) .
We also tested the accuracy of the A-parameter to estimate final adult size by comparing the A-parameter to actual measurement values. First, we calculated the mean of the last 3 measurements for each bone dimension for each individual and then used a t-test between sexes to determine significant differences. We then directly compared estimates of the A-parameter to means of the actual measured values for each bone dimension using 2-sample t-test; each sex was tested separately.
Finally, to address integration in the skull, we calculated pairwise Pearson correlation coefficients for the following 3 groups: within all neurocranium measurements, which included the audiocranium for this analysis; within all viscerocranium measurements; and between neurocranium and viscerocranium measurements. Correlation coefficients were used to estimate how closely each pair of measurements were integrated during growth. Although high and low correlations were relative and could not be tested directly, we tested for differences in mean correlation among the 3 groups listed above. A significantly higher mean r 2 in 1 anatomical region relative to another suggested higher integration in that area. We tested for that using 1-way analysis of variance with Tukey post hoc tests (Zar 1984) . That method for measuring integration was possible because our data were longitudinal and we measured covariation in growth within an individual.
RESULTS
The majority of measurements were not sexually dimorphic, either in final size or in growth parameter. However, 4 measurements exhibited significant sexual dimorphism; 3 of those were A-parameter (i.e., adult size differences; Table 1 ). Also, marginal sexual dimorphism existed in many measurements (0.05 Ն P Ͼ sequential Bonferroni values). Most measurements that were significant or marginally significant for sexual dimorphism in adult size (7 of 10) were in the viscerocranium region or pelvic girdle (Table 1) . Females were always larger than males for sexually dimorphic measurements. Femur length also was significantly greater in adult females than in adult males (Fig. 2) , and proximal humerus width was marginally greater in females.
Significant and marginally significant differences in growth parameters between sexes were always consistent. Males were significantly or marginally significantly larger than females for the b, k, I, and R max parameters, implying a delay in the most rapid period of growth, faster decay of growth, and a larger initial rate and maximum rate of growth relative to females. Females were always larger than males when significant or marginally significant differences existed in the w and T f parameters. That implied that females were born larger and grew for a longer time.
The Gompertz A-parameter and the mean of the last 3 measurements typically yielded consistent assessments of differences in adult size between sexes (Table 2 ). In all but 3 cases, no change occurred in significance level between sexes. The estimate of the A-parameter of adult femur length differed between sexes (P ϭ 0.00047), whereas the mean of the last 3 femur length measurements yielded a marginally significant difference between sexes (P ϭ 0.003). The opposite occurred in the sacrum width; the comparison of the last 3 measurements differed between sexes (P ϭ 0.00032), whereas the comparison of the A-parameter was marginally different between sexes (P ϭ 0.001). Direct comparison between the mean versus the A-parameter of the last 3 measurements yielded 8 marginally significant differences of 102 comparisons (51 measurements, 2 sexes), where the estimate of adult size obtained from the mean of the last 3 measurements was always larger than the estimate of the A-parameter (in these 8 cases, 0.05 Ͼ P Ն 0.013).
The mean r 2 -value for the intraviscerocranial Pearson correlation coefficient (0.905 Ϯ 0.026 SE) differed from the mean (Rice 1989) ; significance is denoted with an asterisk (*). Numbers assigned to each measurement correspond to those in Fig. 1 . intraneurocranial r 2 -value (0.680 Ϯ 0.031, P Ͻ 0.0001). Both intragroup correlation coefficients differed from the neuroviscerocranial comparison (mean r 2 -value ϭ 0.793 Ϯ 0.014, P Ͻ 0.005). The variation with the viscerocranial correlations was lower than the other 2 sets of correlations (Fig. 3) .
DISCUSSION
Differences in growth between sexes were the same for all aspects of the skeleton, whether the final adult size was dimorphic or not. Although the great majority of these differences are marginally significant, we find it difficult to believe that such consistent differences in growth patterns between sexes could have arisen by chance alone. We found that males tend to be characterized by a short, rapid growth; females, in contrast, are characterized by relatively slow, prolonged growth. These patterns of sexually dimorphic growth (as measured by the Gompertz equation parameters) and final size of individual parts suggest a consistent set of influences governing growth, either genetic or epigenetic. Even if different regions (i.e., viscerocranium, neurocra- nium, pelvic girdle) are subject to varying selective pressures, a homogeneity exists to the underlying pattern of growth upon which selection may act. Such results may be helpful for establishing how genetic and epigenetic regulation influences growth and developmental processes. Examples of work that has explored the relationship between genotypes and phenotypes included that of Nemeschkal (1999) , which examined correlations between developmental control genes and the skeletal phenotypes of adult pigeons, doves, and finches (family Fringillidae).
Two alternative explanations exist for the consistency of sexual dimorphism in growth: a specific adaptive advantage to one or both sexes exists, or these growth patterns may simply be the most developmentally direct method of attaining sexually dimorphic adult size. The differences we demonstrated are consistent with preliminary data on sexual dimorphism of growth in hamsters (Mesocricetus auratus), which also have larger females (Stewart 1998) . These patterns are the opposite of those in species with larger males, such as Mus musculus (Lightfoot and German 1998) , Monodelphis domestica (Maunz and German 1996) , and Rattus norvegicus (Stewart and German 1999) . Unfortunately, we lack necessary behavioral and ecologic data to test these alternatives.
The great majority of sexually dimorphic skeletal elements are within the pelvis and the viscerocranium. In fact, 2 of the 3 measurements that differed significantly between sexes (sacrum length and width) are in the pelvic girdle. The pelvic girdle is most likely an adaptation for giving birth to infants with large heads (Ridley 1995) . The sexual dimorphism hypothesis could be tested further if we had been able to measure length of the pubis, because the birth canal largely comprises this bone (Leutenegger 1974; Ridley 1995) . The consistent, but marginally significant, sexual dimorphism observed in the viscerocranium may indicate a difference in feeding patterns or other usage of the jaw between males and females. For example, females may habitually feed on larger items of food than males, thus making a larger jaw in females advantageous. Houston and Shine (1993) reported such a phenomenon between sexes in the piscivorous filesnake, Acrochordus arafurae. Females of that species, which have larger heads than the males, feed on prey with a larger circumference. Larger jaws may be advantageous for female C. lanigera because they are always more aggressive than males (Nowak 1999; Weir 1966) . Unfortunately, it is difficult to test these adaptationist hypotheses with the information currently available on the feeding and reproductive behavior of C. lanigera and its relatives. If females with relatively larger jaws are consistently correlated with behavioral differences between sexes (Fig.  4) , our adaptation hypotheses would be better supported. However, few data on sexual dimorphism, behavior, and phylogeny are currently available in these taxa (Nedbal et -P-values of differences between sexes, using 2 methods of estimating final adult size: Gompertz A-parameter and means of the 3 final measurements for each bone dimension. Only measurements where a significant or marginally significant difference existed between sexes (as indicated by using the last 3 measurements method) or a difference existed between the 2 estimators (within each sex) were included. In all comparisons where differences were found between the A-parameter estimate and the last 3-measurements estimate of final adult size, the last 3-measurement method yielded a larger size than the A-parameter. al. 1994; Nowak 1999; Redford and Eisenberg 1992) .
Sexual dimorphism in the growth and final size of the femur length may be adaptive. However, it also is likely that this is a nonadaptive product of developmental control genes (Nemeschkal 1999) and sexually dimorphic growth fields (Swiderski 1993) that produced the pelvic girdle. If important selective differences existed in locomotory behavior or ability between sexes, these differences would likely be manifest in distal limb elements, because these are more biomechanically important than proximal elements for half-bounding locomotion (Hildebrand 1995; Lammers 1998) . Shared growth fields also may be responsible for sexually dimorphic growth and adult size of length of the lateral auditory bulla and neurocranial width. Finally, the single (marginally significantly) sexually dimorphic composite measurement, total skull height, encompasses part of the viscerocranium. The viscerocranial component may be exclusively responsible for the appearance of the apparently sexually dimorphic skull height.
No significant sexual dimorphism was found in body mass or body length, both of which are commonly used to estimate body size. Furthermore, only 1, marginally significant difference was found in the midshaft diameters of long bones. The crosssectional properties of long bones are affected directly by size of the animal (Biknevicius 1999) , and thus the nearly complete lack of sexual dimorphism in the midshaft diameters, body mass, and body length suggests that C. lanigera is sexually dimorphic in shape but not size.
The general lack of sexual dimorphism in limb elements suggests that male and female C. lanigera locomote similarly. Preliminary analysis of our data on duty factor (duration of stance phase divided by total stride duration) throughout the ontogeny of C. lanigera supports this hypothesis. We used analysis of covariance to determine differences in slope between sexes, where duty factor was regressed against log-transformed body mass. Slopes were marginally significantly different (P ϭ 0.022) between sexes; it is unlikely that such a marginal difference between sexes in locomotor behavior would result in significant differences in limb bone growth and final size.
Our comparison of the Gompertz A-parameter versus the mean of the last 3 measurements indicates that A is a reasonable estimator of adult size, although it is consistently lower (marginally significant) than the estimate of adult size obtained from the last 3 measurements method. Although some of these comparisons between A-parameter and the last 3 measurements may have been due to random chance (type I error), our consistent results nevertheless suggest that caution should be exercised when using the Gompertz equation to estimate adult size from a full set of ontogenetic data.
Our results on cranial integration are consistent with those of Zelditch and Carmichael (1989) and Zelditch et al. (1992) , although our data and methods differ. We had a larger number of measurements, giving a more detailed picture of skull growth, although our measurements were taken from radiographs and not skeletal specimens. More significantly, our data were longitudinal rather than cross-sectional and taken continuously, rather than grouped into a small number of age categories. These fine-grained data (taken several times a week during growth) provided a robust basis for our ontogenetic results. (Roos and Shackelford 1955) and molecular data (Nedbal et al. 1994) . Sexual dimorphism data are from several sources including: Erethizontidae (Roze 1989) ; Echimyidae, Hydrochoeridae, Octodontidae (Nowak 1999) ; Chinchilla lanigera (Nowak 1999; Ralls 1976; Roos and Shackelford 1955) ; Lagidium (Pearson 1948) ; Lagostomus (Nowak 1999; Silva and Downing 1995) ; and Myocastoridae, Ctenomyidae (Redford and Eisenberg 1992) . Redford and Eisenberg (1992) reported that Ն1 species of Ctenomyidae (Ctenomys sericeus) have sexual dimorphism with females larger than males; however, in all other species of this family where sexual dimorphism was reported, males were larger than females. Question marks denote an unknown character state; those representative taxa provide possibilities for testing evolution of sexual dimorphism in Hystricomorph rodents, but additional taxa have been excluded because little is known of sexual dimorphism. Despite these differences in methodology, we arrived at the same basic conclusion that the viscerocranium exhibits significantly greater integration than within the neurocranium or between neuro-and viscerocrania. Further work could potentially refine the specific hypothesis of Zelditch and coworkers concerning differences between early or developmental integration versus later or functional integration. However, conclusions concerning regional variation seem consistent across many species of mammals (Zelditch and Carmichael 1989; Zelditch et al. 1992) .
Functional coordination of viscerocranial structures is important for feeding throughout the lifetime of a mammal. The change in diet that occurs at weaning affects rate of growth (Helm and German 1996) but not necessarily the relationship among the parts during growth. However, this ontogenetic change in feeding behavior does not signal a massive reorganization of orofacial motor patterns . In fact, oral function anticipates the transition to weaning, with respect to jaw movement and swallowing . Thus, it is unlikely that a punctuated change in the integration of growth occurs at the time of weaning.
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